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Abstract 
Purpose: A novel dissolution dynamic nuclear polarization (dDNP) polarizer platform is presented. The 
polarizer meets a number of key requirements for in vitro, pre-clinical and clinical applications. 
Method: It uses no liquid cryogens, operates in continuous mode, accommodates a wide range of sample 
sizes up to and including those required for human studies, and is fully automated.  
Results: It offers a wide operational window both in terms of magnetic field, up to 10.1 T, and temperature, 
from room temperature down to 1.3 K. The polarizer delivers a 13C liquid state polarization for [1-
13C]pyruvate of 70%. The build-up time constant in the solid state is approx. 1200 s (20 min), allowing a 
sample throughput of at least one sample per hour including sample loading and dissolution. 
Conclusion: We confirm the previously reported strong field dependence in the range 3.35 to 6.7 T, but see 
no further increase in polarization when increasing the magnetic field strength to 10.1 T for [1-13C]pyruvate 
and trityl. Using a custom dry magnet, cold head and recondensing, closed-cycle cooling system, combined 
with a modular DNP probe, automation and fluid handling systems; we have designed a unique dDNP 
system with unrivalled flexibility and performance. 
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Introduction 
Despite the widespread utility of NMR and MRI, emerging applications are often limited by low sensitivity. 
To improve the sensitivity, it is possible to either increase the available signal or decrease noise levels, or 
both. Improving signal by stronger magnetic field is challenging, since superconducting magnet technology 
permits only relatively modest increases in magnetic field, which come at relatively high cost [1,2]. On the 
other hand, noise reduction is possible, chiefly driven by the development of cryogenically cooled probes 
[3]. However, this leads to a relatively modest factor of noise reduction of about a factor of approx. four. It 
is clear that an alternative scheme is necessary to make dramatic change to the signal-to-noise ratio. Using 
hyperpolarization, the sensitivity can be augmented by several orders of magnitude by boosting the 
polarization of the nuclear spins close to unity [4,5].  
One of the leading means of hyperpolarization is dynamic nuclear polarization (DNP). DNP itself was 
predicted by Overhauser in 1953 and subsequently experimentally confirmed using paramagnetic metals 
[6–8]. The premise of DNP is the use of microwave (MW) irradiation to transfer polarization from electron 
spins with larger polarization to nuclear spins. While early work used the conduction electrons of metals, 
modern work uses exogenous stable free radicals, such as e.g. nitroxides or trityls. There are four different 
DNP mechanisms that drive the polarization transfer, namely the Overhauser effect (OE), cross effect (CE), 
solid effect (SE), and thermal mixing (TM) [9]. These mechanisms have different dependency on magnetic 
field strength and temperature. It is well established that for most samples at low temperature (<4.2 K), TM 
is the dominant mechanism. With increasing magnetic field strength, the ESR line width typically increases 
due to g-anisotropy, and the resonance becomes more inhomogeneously broadened. It is therefore well 
established that at higher magnetic field strength, modulation of the MW frequency [10] to saturate more 
electron spin packets or increasing the radical concentration to make the line more homogeneous [11], 
improves the DNP efficiency. The other DNP mechanisms should not be relevant in this study, but will also 
depend on the magnetic field strength. Nuclear and electron spin relaxation times will also depend on both 
magnetic field strength and temperature, and both play an important role in the efficiency of DNP. Griffin 
et al. pioneered the use of DNP with solid-state NMR at MIT, where it has been applied to a variety of 
systems [12–14]. One limitation of working in the solid-state, at low temperature is the lack of information 
on dynamics and chemical reactions. Therefore, it is desirable to get the best of both worlds, by performing 
DNP at low temperature, while observing in the liquid-state at ambient temperature. This method known 
as dissolution DNP (dDNP) involves the rapid dissolution of the frozen sample into hot solvent [15]. 
A key factor, which impairs the widespread implementation of dDNP, is the need for copious quantities of 
liquid helium for maintaining the sample at temperatures below 2 K. Helium is a costly, non-renewable 
resource, and dDNP systems typically consume more than 2 L of liquid helium per sample. While this can be 
offset by the use of helium recovery systems, these are also costly, and 100% recovery is quite difficult to 
achieve. Equally important is the inconvenience of frequent handling of cryogens in a hospital environment, 
or even in a typical NMR laboratory.  
While a system for clinical use has been designed with zero cryogen consumption [16], the goals for a 
research system differ. Our aims were: 
• Zero cryogen consumption with ability to run in continuous mode 
• Fully automated operation for routine use 
• Dual channel solid-state NMR probe with broadband capability 
• Base temperature of less than 1.5 K under DNP conditions and operational at any temperature up 
to room temperature 
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• Operational at multiple field strengths up to 10.1 T corresponding to a MW frequency of 282 GHz 
• Any sample size up to 2 g corresponding to a human dose of [1-13C]pyruvic acid 
The basic principles of the polarizer were first presented at the 5th International DNP Symposium, Egmond 
aan Zee, Netherlands, Sep 2015 [17], which inspired others to adopt a similar design [18]. More recently, 
we have presented preliminary results at ENC [19] and EUROMAR [20]. 
In this work, we present a detailed description of the HYPERMAG polarizer, and use the unique capability of 
the polarizer to study the DNP enhancement as a function of magnetic field strength for the most 
important imaging agent for hyperpolarized metabolic MR, [1-13C]pyruvate [21,22]. Hyperpolarized 
pyruvate is now in man and first clinical studies have been published [23–26]. 
Methods 
A photo of the HYPERMAG polarizer is shown in Fig 1. Central elements are labelled and referenced in the 
following sections. 
Cryostat 
Fig 2 shows a schematic of the cryostat (Fig 1J, Cryogenic Ltd, UK). The cooling power of the system is 
provided by a 1 W pulse tube cooler (Fig 1M: RP-082B2, SHI Cryogenics, Japan) and a F-70H compressor 
(SHI Cryogenics, Japan). A temperature monitor (Fig 1D: Model 218, Lakeshore, USA) monitors the magnet, 
Figure 1: Photographs of HYPERMAG polarizer: A: magnet power supply; B: LS350 temperature controller; C: 
Watlow temperature controller for solvent heating; D: LS218 temperature logger; E: power supply; F: pneumatics; 
G: heater pressure module for fluid path syringe; H: Insertion module for fluid path, air lock and gate valve on top 
of DNP probe; I: MW source; J: dry magnet and cryostat; K: dry pump; L: buffer tanks; M: cold head; N: National 
Instruments cRIO controller; O: Pneumatics valve block for vacuum and pressure; P: high pressure valves for 
syringe drive; Q: vacuum pump for air lock. 
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internal components and cold head temperatures. The Variable Temperature Insert (VTI) is 30 mm 
diameter and 400 mm long. An oil-free, multi-stage roots blower with a maximum pumping speed of 37 
m3/h (Fig 1K: ACP40, Pfeiffer Vacuum, Germany) pumps the VTI. The exhaust of the pump is connected to a 
buffer volume of 100 L (Fig 1O) that is further connected to an inlet at the cryostat that leads to a liquid 
helium pot through condensation stages at the cold head. The flow of liquid helium to the VTI is regulated 
manually by a needle valve. The VTI has a Cernox temperature sensor (CX1030, Lakeshore, USA) and 50 W 
heater connected to a temperature controller (Fig 1B: Model 350, Lakeshore, USA). The VTI can operate 
continuously from base temperature to 300 K with the magnet at full field. The VTI pumping line and VTI 
condenser inlet are fitted with digital pressure transducers (910 DualTrans, MKS, Denmark). If the inlet 
pressure exceeds 700 mbar, electronic reduction of the pumping speed of the dry pump protects the 
magnet from an excessive heat load and potential quenching.  
Magnet 
A 10.1 T cryogen-free superconducting magnet (Cryogenic Ltd, London, UK) provides the static magnetic 
field, Fig. 1J. The magnet was specified to have a drift rate of <0.1 ppm/h and a homogeneous volume of +/-
25 ppm in a 25 mm tall cylinder of 25 mm diameter. It has fixed current leads and is permanently 
connected to a SMS120C power supply (Fig 1A: Cryogenic Ltd, London, UK). It is equipped with a persistent 
mode switch for routine operation. In case of power failure to the compressor (the compressor starts 
automatically when power returns), the magnet can remain at field for several minutes. Beyond this, the 
magnet will harmlessly quench. In case of a quench from full field, the magnet is cold within two hours. The 
Figure 2: Schematic of the cryostat with the 10.1 T magnet. A pulse tube cold head and compressor 
provides the cooling power to the magnet and helium cooling circuit. 100 L of helium gas from a 
cylinder is charged into the closed cooling circuit. The cold head condenses the helium gas into the 
helium pot. A needle valve controls the flow of liquid helium into the VTI. A dry pump reduces the 
vapor pressure in the VTI, and the exhaust of the pump is buffered by tanks before entering the 
cryostat through a charcoal trap. The interior of the DNP probe is isolated from the VTI with a 
separate helium gas volume of 2 L at 2 bar. Sample loading into the DNP probe is through an airlock. 
 
6 
 
magnet is unshielded and provides a strong background field for the hyperpolarized solution. The 
dissolution is performed 100 mm from the magnet center, where the field is still 80% of the center field.  
DNP probe 
Fig 3 shows a drawing of the DNP probe [27,28]. We designed it for Cryogenic Ltd as a template for similar 
dDNP systems based on their cryostat and VTI. The DNP probe is isolated from the VTI to avoid 
contamination of the VTI circuit with air from sample loading and unloading. It consists of a stainless steel 
upper section mated to a copper MW cavity. The internal of the DNP probe is connected to a buffer volume 
of 2 L charged with 2 bar of He gas, i.e. 4 L of standard temperature and pressure helium gas. This 
corresponds to approx. 5 mL of liquid helium, and fills the cavity to half when a sample is loaded. The DNP 
probe has a Cernox temperature sensor (CX1030, Lakeshore, USA) and a 1 W heater mounted on the cavity. 
Below 4.0 K the temperature was derived from the VTI helium vapor pressure per ITS-90. The vapor 
pressure based temperature reading was verified against the Cernox calibration at zero magnetic field. 
Above 4 K, the Cernox reading was used, ignoring any magnetic field corrections. The MW cavity has an 
inner diameter of 27 mm and an outer diameter of 29 mm. It has an interior height of 30 mm and is fitted 
with a saddle coil with 13 mm diameter and 22 mm height [27]. The DNP probe has an approx. 400 mm 
long, 4.2 mm diameter circular waveguide terminating at the cavity. A UT85SS-CuBe coaxial cable connects 
the coil to a tune-and-match box external to the VTI. The saddle coil can be single tuned for any frequency 
up to 428 MHz for 1H at 10.05 T, or it can be double tuned for 13C and 1H for the same frequency range.  
MW source(s) 
MW are generated by a 94 GHz source (Fig 1I, Quinstar, USA) with 500 MHz analog tuning range and 300 
mW output power with analog attenuation. The source can be connected to either a frequency doubler 
 
Figure 3: 2D CAD drawing of the DNP probe. The DNP 
probe fit into the 30 mm diameter VTI. The distance 
from the KF-40 flange to the magnet center is 444 
mm. The probe has a KF-16 flange at the sample 
loading port to fit the gate valve and airlock. An 
overpressure relief valve is fitted. The 4.2 mm 
diameter waveguide extends to the copper cavity 
seen on the right. The photo shows the NMR saddle 
coil without the cavity mounted. 
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(D200, Virginia Diodes Incorporated, USA) or tripler (D282, Virginia Diodes Incorporated, USA). The doubler 
or tripler is biased by -36 V from the power supply (Fig 1E). The efficiencies of the doubler and tripler are 
25% and 10%, respectively. Depending on the frequency, the source is connected to a transition from 
rectangular waveguide (WR10, WR5.1 or WR3.4, respectively) to the circular waveguide (316L stainless 
steel) of the DNP probe. The transition is vacuum tight with an O-ring against the circular waveguide and 
with Kapton tape (DuPont, USA) on the input. When the magnetic field is changed, the frequency doubler 
or tripler and their respective transition is either inserted or removed as required.  
Dissolution system 
The DNP probe sample port has a gate valve (VAT 01224-KA24, Switzerland) mounted between air lock and 
insertion modules (Fig 1H: GE Healthcare, USA) adapted from the SPINlab polarizer [16]. The airlock is 
connected to helium purge gas (approx. 1.3 bar) or vacuum (approx. 7 mbar) through the automation 
valves. A small diaphragm pump (Fig 1Q: KNF, Germany) provides the vacuum. A temperature controller 
(Fig 1C: Watlow, USA) controls a heater-pressure module (Fig 1G: GE Healthcare, USA), also adapted from 
the SPINlab, and mounted in proximity to the insertion module. The complete assembly accommodates the 
use of fluid paths [29–31] available for the SPINlab polarizer, which is the key feature to ensure sterility for 
human use (the SPINlab also includes a quality control system to enable human studies). 
Automation 
The system is controlled by a real time controller (Fig 1N: cRIO-9035, National Instruments, Austin, TX, USA) 
running LabVIEW software. The controller has modules for motor control, digital and analogue input and 
output, and serial communication. A 24 V power supply (Fig 1E) powers the controller. The system runs 
under computer control with a graphical user interface to control the basic user functions (sample loading, 
polarization and dissolution). The software logs key parameters such as temperatures, pressures, and 
sample position from the temperature controller and monitor, as well as pressure gauges. Pneumatics are 
controlled by a valve block (Fig 1O: Festo, Germany) that delivers compressed air to various pneumatic 
valves and actuators (Fig 1F). For compatibility with standard house compressed air supplies, the 16 bar 
pressure required for driving the heater-pressure module is generated by a four times pressure booster 
(SMC, Japan). High pressure gas, as well as vacuum are controlled with pneumatically actuated high purity 
diaphragm valves (Fig 1P: Swagelok, Solon, OH, USA). 
NMR 
Solid-state NMR data were acquired with a 400 MHz Unity INOVA NMR console (Agilent, Palo Alto, CA, USA) 
running VnmrJ 4.2 software. The flip angle was calibrated from a series (hundreds) of NMR spectra 
acquired with short repetition time (typically 0.1 s). An exponential fit to the signal decay provided the 
actual flip angle. Solid-state polarization was measured by normalization of the DNP enhanced NMR signal 
(integral) with the NMR signal at thermal equilibrium at the same conditions. No 13C background signal 
from the probe was observed. 
Liquid-state polarization measurements were acquired with 400 MHz Direct Drive console running VnmrJ 
4.2 software and a 5 mm 1H/X broadband probe (Agilent, Palo Alto, CA, USA). The 13C Larmor frequency at 
the three field strengths are 35.9, 71.8 and 108 MHz, respectively. A flip angle of 5° every 5 s was used to 
measure the decay of the DNP enhanced NMR signal. T1 and initial polarization (at time of dissolution) was 
calculated from the exponential decay. Liquid state polarization was measured by normalization of the DNP 
enhanced signal with the NMR signal at thermal equilibrium for the same sample using a 90° flip angle. 
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Sample preparation 
[1-13C]pyruvic acid (Sigma-Aldrich, Denmark) with the trityl radical AH111501 (GE Healthcare, Denmark) 
was used in all experiments. The concentration of radical was optimized in coarse increments of 15, 30 and 
45 mM at the three magnetic field strengths. 1 mM Gd (Dotarem, Guerbet) doping was tested at the three 
field strengths for the 15 mM AH11501 sample. Pyruvic acid was loaded into the SPINlab fluid path (GE 
Healthcare, Denmark) as described in [16,29]. 
 
Results 
The magnet operated in persistent mode at 10.1 T (full field) with a drift rate of -0.06 ppm/h corresponding 
to 2.8 MHz/week on the MW frequency at 282 GHz. The supplier verified the magnetic field homogeneity 
at factory. The system cooled from room temperature to operating temperature in less than 24 h and 
recovered from a quench in less than 2 h. The magnet was energized to full field in less than 30 min. 
In persistent mode the base temperature of the VTI was <1.3 K with the pumping capacity of the ACP40 
pump and all heat loads (under polarizing conditions). For most of the results presented here, the VTI was 
maintained at 1.4 K (2.8 mbar helium vapor pressure) by the Lakeshore 350 controller and heater on the 
probe. Maintaining the probe at fixed temperature permits a steady-state to be established where no 
adjustments to the helium flow or vacuum pump speed are required. In this mode, reductions in heater 
power offset MW induced heating and permit stable operation for extended periods. This is in contrast to 
conventional VTI based systems, which can be operated under a variety of heat loads with only minimal 
changes in performance. Coupling between the recirculating system and magnet leads to dramatic changes 
in performance with varying heat loads.  
An additional benefit of this operating scheme is the ability to measure the MW power deposited in the 
sample. The MW power transmission to the cavity at 188 GHz was determined by measuring the heater 
power required to maintain a fixed temperature as a function of applied MW power, Fig. 4. The power 
dissipated in the cavity was 5.7 dB (10 log10(0.27)) less than the source output power. The loss is consistent 
with the attenuation that we have measured for circular stainless steel waveguide using a power meter 
(Ericsson PM-5, Virginia Diodes Inc, USA) at this frequency. This loss increases to 8.5 dB (10 log10(0.14)) at 
282 GHz.  
  
 
Figure 4: Probe heater power required to maintain 
a fixed temperature of 1.4 K as a function of MW 
power at the frequency for optimal positive 
enhancement. The measurements were 
performed at 188 (blue empty square) and 282 
GHz (green empty circle), and the measured 
attenuations were 5.7 dB (10 log10(0.27)) and 8.5 
dB (10 log10(0.14)), respectively. 
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MW frequency sweeps were 
performed at three magnetic field 
strengths, 3.35 , 6.70, and 10.05 T, 
Fig. 5. The sweeps were obtained 
by polarizing for 60 s at each 
frequency before measuring the 
NMR signal. The NMR signal was 
saturated before each polarization 
period. The separations of the 
positive and negative extrema are 
50, 72, and 93 MHz, respectively. 
The short polarization period may 
bias the frequency sweeps, since 
the build-up time constant is not 
constant across the DNP spectrum. 
Therefore, we generally confirmed 
the sweeps by performing full 
(several time constants) build-up curves at each MW frequency.  
The time constant and final value for 
DNP build-ups at 282 GHz for [1-
13C]pyruvic acid with 45 mM AH111501 
as a function of MW power is shown in 
Fig. 6. The figure shows that adequate 
MW power is available, and that a time 
constant of about 1800 s (30 min) can 
be obtained for [1-13C]pyruvic acid. In 
contrast to the MW frequency sweeps, 
the MW power sweeps are very biased 
towards higher power, if short build-up 
periods are used. The data reported 
here is obtained by fitting of full build-
up curves at each MW power.  
Examples of DNP build-up curves at 94, 
188, and 282 GHz for [1-13C]pyruvic 
acid for close to optimal conditions 
(MW frequency, modulation and power) are shown in Fig. 7. The radical concentration has been varied to 
approach optimal conditions, and a higher radical concentration is required at higher magnetic field to 
obtain maximum polarization with the shortest possible build-up time constant. The 15 mM AH111501 
sample has a 13C nuclear relaxation time, T1, of 90,000 (25 h), 33,000 (9.2 h) or 6,400 s at 10.1, 6.7 and 3.35 
T, respectively. The DNP build-up time constant at the three field strengths are 26,000 (7.2 h), 3,700 and 
1,000 s, respectively, for the 15 mM AH111501 concentration. A build-up time constant of approx. 1200 s 
was obtained at 6.7 T for 30 mM AH111501. The build-up curves have been obtained by acquiring a 
spectrum with a 1° flip angle every 300 s. At the two highest field strengths, MW modulation was applied at 
a rate of 1 kHz and amplitude of 25 or 50 MHz.  No effect of modulation was seen at 3.35 T, whereas the 
effect was pronounced at 10.1 T with a two to three times increase in the DNP enhancement for 20 to 50 
Figure 5: MW frequency sweeps at three magnetic field strengths of 
3.35 (read), 6.70 (blue), and 10.05 T (green), for [1-13C]pyruvic acid with 
15 mM AH111501. 
Figure 6: Time constant and final value for DNP build-up at 282 GHz 
for [1-13C]pyruvic acid with 45 mM AH111501 as a function of MW 
power. 
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MHz modulation amplitude. At the higher radical concentrations, the effect of MW modulation was 
significantly reduced, but still provided an approx. 50% improvement at 10.1 T. MW modulation had a 
similar effect on the build-up time constant as on the final polarization. We estimate an uncertainty of ±5% 
based on the three replicates for all numbers. The fitting uncertainties were typically 1% or less.  
The samples in Fig. 7 have been dissolved with liquid-state polarization of 27% at 3.35 T, 70% at 6.7 T, and 
70% at 10.1 T. The standard deviation on the liquid-state polarization is ±5% with three replicates at each 
magnetic field strength. 
Fig. 8A shows a representative sample loading profile (position within the DNP probe; -630 mm is the 
magnet center) and corresponding temperature of the DNP probe for a 1.5 g sample. With such a large 
sample, heat loads are at the upper end of the operating range and the trends most pronounced. The 
loading profile has been empirically optimized to impose a low, but consistent heat load on the helium bath 
throughout the loading process. The temperature at the first stop at -400 mm is less than 70 K, ensuring 
that the sample freezes rapidly. If the sample has been frozen prior to the loading process, this pause could 
be shortened. Smaller samples can be loaded considerably faster, with the loading profile for a 50 mg 
 
 
Figure 7: DNP build-up curves at 94, 188, and 282 
GHz for [1-13C]pyruvic acid for close to optimal 
conditions (MW frequency, modulation and 
power). The radical concentration has been varied 
to approach optimal conditions. 
Figure 8: A. Temperature profile of the helium bath (DNP probe) during loading of 1.5 g of [1-13C]pyruvic acid with 
15 mM AH111501. The sample is lowered gradually according to an insertion profile that has been empirically 
adjusted to minimize the heat load to the helium bath. Sample position is indicated on the secondary ordinate. B. 
Temperature profile of the helium bath (DNP probe) during a dissolution of the same sample. The sample is raised 
100 mm before dissolution, and immediately retracted when the dissolution is complete. 
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sample taking less than 3 min. Fig 8B shows the DNP probe temperature during a dissolution of the 1.5 g 
sample. The dissolution takes place at -530 mm, 100 mm above the magnet center, and is retracted 
immediately at the end of the dissolution. A peak temperature of the DNP probe is 1.9 K, which settles to 
base temperature within two minutes. A smaller sample would have less impact on the DNP probe 
temperature. Thus, sample loading and unloading (dissolution) adds between 5 and 15 min to the 
polarization cycle depending on sample size, thus, exceeding SPINlab and adding fractional to the 
polarization cycle.  
 
Discussion and conclusion 
In comparison to NMR magnet design, there are some notable differences in requirements for dDNP 
systems. One such area is the desirable effect of stray magnetic field. The dissolution process benefit from 
taking place at high magnetic field in principle. Furthermore, the dissolved sample must be handled in a 
background magnetic field to avoid low field relaxation and non-adiabatic field changes. The most 
straightforward manner to accomplish these goals is to eschew the use of active shielding, which may 
produce abrupt magnetic field gradients, and thereby maximize the stray field. Another consideration is 
minimization of the length of the VTI. On a traditional cryogen cooled magnet, this distance is largely 
defined by the cryogen vessels contained within the cryostat that require a certain volume and benefit 
from long heat conduction paths. As a cryogen-free magnet is free of these constraints, it is possible to 
reduce the height of the VTI dramatically. Therefore, the hyperpolarized solution is always within 1 m of 
the magnet center and the background field never drops below 2 mT (when at 6.7 T or above). 
A further advantage of this is a concomitant reduction in the overall height of the system, a lower weight 
and cost, and the ability to take the magnet off field for periods, and within hours or days bring the 
polarizer operational. One consequence of shortening the VTI is a relatively high thermal gradient along the 
length of the VTI. This thermal gradient must be considered when designing the probe as it is possible to 
inadvertently introduce large heat loads through e.g. conduction or thermoacoustic oscillations. 
With regard to the magnet itself, requirements for dDNP are generally less demanding than those for NMR. 
In particular, magnetic field homogeneity and drift requirements are relaxed by several orders of 
magnitude as compared to high-resolution NMR magnets. One caveat is that the homogeneity 
requirements must be met without the use of passive shims, which are optimized for use at a single 
magnetic field strength. Independent superconducting shims are best avoided, as they would need to be 
ramped at the same time as the main magnetic field. While drift requirements are relatively relaxed (0.1 
ppm/hr), the magnet must be run in persistent mode, as the drift rate of commercially available magnet 
power supplies is not able to meet this specification. Furthermore, persistent mode reduces the thermal 
load on the magnet by eliminating resistive heating in the current leads. The reduced thermal load 
increases the power available for helium liquefaction. 
The obtained drift rate of the magnet is acceptable for weekly calibration of the optimal MW frequency 
even for radicals with narrow ESR linewidth. With a tuning range of approx. 2 GHz (at 10.1 T) for the MW 
source, magnetic field correction would be required less than annually. We have implemented an 
automated procedure for resetting the magnetic field and typically perform this monthly. The large 
homogeneous volume was specified to allow multiple human doses to be polarized simultaneously. In this 
work, we only polarized a single sample of full human dose equivalent (1.5 g of pyruvic acid), but it should 
be possible to fit three human dose samples (SPINlab fluid paths) into the DNP probe and into the 
homogeneous volume of the magnet.  
12 
 
Another key thermal consideration is the heat introduced in the sample loading and dissolution processes. 
These processes are critical, because they have the ability to introduce a sudden heat load that will rapidly 
propagate through the system, increase the temperature of the second stage of the cold head, and 
potentially quench the magnet. We have demonstrated, that even under the most demanding conditions, 
will the sample loading and dissolution process introduce little heat into the system. The sample vial is 
lifted 100 mm prior to dissolution and immediately removed after the dissolution process is complete. 
However, the loading process must be conducted with care as it has the potential to evaporate significant 
quantities of liquid helium. It is preferable to direct as much of the heat from the sample to the enthalpy of 
the helium gas instead of the helium bath. This is more easily accomplished in this system due to the higher 
operating temperature in comparison to the SPINlab polarizer. The higher operating temperature leads to a 
higher operating pressure, leading to more efficient thermal transfer between the sample and the cold 
helium gas, i.e. faster cooling rate of the sample. In the case of the SPINlab, the challenge is to reject the 
heat to the cold head to preserve the finite helium volume. For this system, the limitation is the capacity of 
the cold head to condense the warm exhaust helium. The most popular substrate for hyperpolarized 
metabolic MR, [1-13C]pyruvic acid, was studied in the work. We show that the previously reported strong 
field dependence in the range 3.35 to 4.6 T [32,33] does not extrapolate to higher magnetic fields; up to 
10.1 T. It seems that, for this sample, the maximum achievable polarization is approx. 70% in agreement 
with other work at high magnetic field strength [11].  
The g-tensor for the OX063 trityl (AH111501 is the methylated OX063) was determined by Lumata et al [34] 
to be axially symmetric with  gꓕ = 2.00319(3) and gǁ = 2.00258(3. Thus, the gǁ- gꓕ is -0.00061, which 
corresponds to a spectral width of 8.5 MHz/T.  This is less than the 13C Larmor frequency of 10.71 MHz/T. 
Electron-electron dipolar broadening contributes to the line width, in a first approximation linearly with 
concentration. Chen et al [35] measured the trityl line width in frozen solution for 20, 40 and 60 mM at X-
band (minimal contribution from g-anisotropy). They found that the line shape changed towards Lorentzian 
at the highest concentration, and that the line width was less than the dipolar coupling of 20 MHz between 
a minimal distance (approx. 1 nm) trityl spin pair. The 8.5 MHz/T g-anisotropy, convoluted with a dipolar 
broadening of 5-10 MHz at 45 mM corresponds well with the peak-peak separation of the DNP spectrum of 
93 MHz, which is significantly less than the 13C Larmor frequency of 107.1 MHz at 10.1 T. We therefore 
conclude that the ESR spectral width of the trityl is well matched for direct 13C DNP via a CE or TM 
mechanism up to approx. 6.7 T, but above this field strength, DNP via these two mechanisms become less 
efficient due to a too narrow ESR line relative to the 13C Larmor frequency. Consequently, we observe that a 
much higher radical concentration is required when the magnetic field strength increases from 3.35 to 10.1 
T in order to broaden the ESR spectrum. Thus, the optimal radical concentrations are 15, 30 and 45 mM at 
3.35, 6.7 and 10.1 T, respectively. Furthermore, the higher radical concentration makes the ESR line more 
homogeneous. At the lowest radical concentration, 15 mM, we observed a significant increase of the DNP 
enhancement and shortening of build-up time constant with modulation of the MW frequency. The effect 
of MW frequency modulation was significantly offset when the radical concentration was increased. To the 
point that MW frequency modulation had little effect at 6.7 T at 30 mM, but still significant effect at 10.1 T 
and 45 mM. Thus, at high field the ESR line becomes inhomogeneous as expected, and the DNP mechanism 
shifts from TM to CE. Increased radical concentration is unable to make the ESR line effectively 
homogeneous. 
Both Lumata et al and Chen et al studied the electron longitudinal relaxation time, T1e, for trityls as a 
function of temperature and magnetic field. A temperature dependence of approx. linear was reported, 
characteristic of a direct process, which favors increasing the temperature to shorten T1e. Surprisingly, they 
reported almost no magnetic field dependence as would be expected for the dominating Orbach and direct 
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mechanism, implying that T1e should not be a bottleneck at higher magnetic field strengths either. This is 
supported by the fact that we have not observed any benefit of Gd doping at the two highest magnetic field 
strengths for this sample.  
Since the nuclear relaxation time, T1, continues to increase with approx. the square of the magnetic field 
strength up to 10 T, it seems that the leakage factor cannot explain the stagnation at 70% polarization. The 
nuclear longitudinal relaxation time, T1n, is due to the presence of trityl. The direct dipolar relaxation by the 
electron spin is modulated by the electron spin lattice relaxation time (T2e on the time scale of tens of 
nanoseconds) [9]. Since we would expect 𝜔𝜔𝜔𝜔 ≫ 1 at low temperature and high field, the relaxation rate 
should follow a 𝐵𝐵0−2 dependence. This is consistent with our observation of T1n increasing approx. quadratic 
with magnetic field. However, this is probably coincidental, since this relaxation mechanism, electron-
nucleus dipolar relaxation, should further scale with the (1− 𝑃𝑃0𝑒𝑒2 ) factor. At 1.4 K and 3.35, 6.7 and 10.1 T, 
𝑃𝑃0𝑒𝑒 is 92.3%, 99.7% and 99.99%, respectively, and, thus, the factor becomes 0.147, 0.00632, 0.000253, 
respectively. This is approx. a factor 23 from 3.35 to 6.7 T, and another factor 25 from 6.7 to 10.1 T.  A more 
reasonable interpretation of the radical induced nuclear T1, is that it proceeds through the same three spin 
transitions that give rise to the DNP enhancement, indirect nuclear relaxation [9]. Similar to the discussion 
above for DNP, the observation that the 13C Larmor frequency starts to exceed the ESR line width, makes 
these transitions less probable. Furthermore, the non-linear shortening of T1n with radical concentration as 
it increases from 15 to 45 mM supports this interpretation. In [36] we observed an almost linear shortening 
of T1n with radical concentration at 3.35 T and 1.2 K, and no effect of Gd doping on T1n. However, another 
effect may be that small amounts of clusters of trityls form fast relaxing centers [35] that shorten T1e. Their 
implication for T1n and DNP remains to be further investigated. 
In general, a technical limitation for high field DNP, has been the availability of MW sources. However, 
improved waveguide transmission, the short DNP probe, and efficient multipliers has extended the 
accessible range. In this work, we show that this is no longer a limitation of high field dDNP. At 10.1 T 
approx. 10 mW is required for maximal DNP and shortest build-up time constant. At 6.7 T the required MW 
power is slightly higher, approx. 20 mW, to achieve fastest build-up, and at 3.35 T the optimal MW power 
had increased to approx. 40 mW. These numbers are influenced by technical performance, but illustrates 
the general trend that the narrower ESR line at the lower magnetic field strengths absorb more MW power 
and lead to faster DNP time constants. In principle, any field strength in the range defined by the cut-off 
frequency of the circular waveguide (approx. 42 GHz) and the maximum field strength of 10.1 T can be 
used. In recent years, MW sources with good properties for DNP at 196 GHz (7 T) and 263 GHz (9.4 T) have 
become available.  
The HYPERMAG polarizer provides several important features. It runs in continuous mode (in contrast to 
the SPINlab that requires overnight regeneration of the contained helium) without consumption of any 
cryogens. It offers the widest range of operating conditions for dDNP, up to 10.1 T magnetic field strength 
and any temperature from room temperature down to 1.3 K. The system is very convenient, with a high 
level of automation for the user, and reliable. A liquid state polarization of 70% was obtained for [1-
13C]pyruvate with a solid state build-up time constant of approx.1200 s (20 min) allowing a throughput of at 
least one sample per hour including sample loading and dissolution We have built two systems, the first has 
been running for 15,625 h/651 days (compressor running hours) and the second has been in operation at 
Dr Mikko Kettunen, University of Eastern Finland since Aug, 2017. In conclusion, using a custom dry 
magnet, cold head and recondensing, closed-cycle cooling system, combined with a modular DNP probe, 
automation and fluid handling systems; we have designed a unique dDNP system with unrivalled flexibility 
and performance. 
14 
 
References 
[1] A.E. Kelly, H.D. Ou, R. Withers, V. Dotsch, Low-conductivity buffers for high-sensitivity NMR 
measurements, J. Am. Chem. Soc. 124 (2002) 12013–12019. doi:10.1021/Ja026121b. 
[2] H.J. Schneider-Muntau, High field NMR magnets, Solid State Nucl. Magn. Reson. 9 (1997) 61–71. 
doi:10.1016/s0926-2040(97)00044-1. 
[3] H. Kovacs, D. Moskau, M. Spraul, Cryogenically cooled probes - a leap in NMR technology, Prog. 
Nucl. Magn. Reson. Spectrosc. 46 (2005) 131–155. doi:10.1016/j.pnmrs.2005.03.001. 
[4] J.-H. Ardenkjaer-Larsen, G.S. Boebinger, A. Comment, S. Duckett, A.S. Edison, F. Engelke, C. 
Griesinger, R.G. Griffin, C. Hilty, H. Maeda, G. Parigi, T. Prisner, E. Ravera, J. van Bentum, S. Vega, A. 
Webb, C. Luchinat, H. Schwalbe, L. Frydman, Facing and Overcoming Sensitivity Challenges in 
Biomolecular NMR Spectroscopy., Angew. Chem. Int. Ed. Engl. 54 (2015) 9162–85. 
doi:10.1002/anie.201410653. 
[5] B.M. Goodson, N. Whiting, A.M. Coffey, P. Nikolaou, F. Shi, B.M. Gust, M.E. Gemeinhardt, R. V. 
Shchepin, J.G. Skinner, J.R. Birchall, M.J. Barlow, E.Y. Chekmenev, Hyperpolarization Methods for 
MRS, in: EMagRes, John Wiley & Sons, Ltd, Chichester, UK, 2015: pp. 797–810. 
doi:10.1002/9780470034590.emrstm1457. 
[6] A.W.A.W. Overhauser, Polarization of nuclei in metals, Phys. Rev. 92 (1953) 411. 
doi:10.1103/PhysRev.92.411. 
[7] T.R. Carver, C.P. Slichter, Polarization of nuclear spins in metals, Phys. Rev. 92 (1953) 212. 
[8] T.R. Carver, C.P. Slichter, Experimental verification of the Overhauser nuclear polarization effect, 
Phys. Rev. 102 (1956) 975. 
[9] W.T. Wenckebach, Essentials of dynamic nuclear polarization, n.d. 
http://www.wenckebach.net/html/dnp-book.html (accessed February 5, 2018). 
[10] B. Adeva, E. Arik, S. Ahmad, A. Arvidson, B. Badelek, M.K. Ballintijn, G. Bardin, G. Baum, P. Berglund, 
L. Betev, I.G. Bird, R. Birsa, P. Björkholm, B.E. Bonner, N. de Botton, M. Boutemeur, F. Bradamante, 
A. Bressan, A. Brüll, J. Buchanan, S. Bültmann, E. Burtin, C. Cavata, J.P. Chen, J. Clement, M. 
Clocchiatti, M.D. Corcoran, D. Crabb, J. Cranshaw, J. Çuhadar, S. Dalla Torre, A. Deshpande, R. van 
Dantzig, D. Day, S. Dhawan, C. Dulya, A. Dyring, S. Eichblatt, J.C. Faivre, D. Fasching, F. Feinstein, C. 
Fernandez, B. Frois, C. Garabatos, J.A. Garzon, T. Gaussiran, M. Giorgi, E. von Goeler, I.A. Golutvin, A. 
Gomez, G. Gracia, N. de Groot, M. Grosse Perdekamp, E. Gülmez, D. von Harrach, T. Hasegawa, P. 
Hautle, N. Hayashi, C.A. Heusch, N. Horikawa, V.W. Hughes, G. Igo, S. Ishimoto, T. Iwata, M. de Jong, 
E.M. Kabuß, T. Kageya, R. Kaiser, A. Karev, H.J. Kessler, T.J. Ketel, I. Kiryushin, A. Kishi, Y. Kisselev, L. 
Klostermann, D. Krämer, V. Krivokhijine, V. Kukhtin, J. Kyynäräinen, M. Lamanna, U. Landgraf, K. Lau, 
T. Layda, J.M. Le Goff, F. Lehar, A. de Lesquen, J. Lichtenstadt, T. Lindqvist, M. Litmaath, S. Lopez-
Ponte, M. Lowe, A. Magnon, G.K. Mallot, F. Marie, A. Martin, J. Martino, T. Matsuda, B. Mayes, J.S. 
McCarthy, K. Medved, G. van Middelkoop, D. Miller, J. Mitchell, K. Mori, J. Moromisato, G.S. 
Mutchler, A. Nagaitsev, J. Nassalski, L. Naumann, B. Neganov, T.O. Niinikoski, J.E.J. Oberski, A. 
Ogawa, S. Okumi, C.S. Özben, A. Penzo, C.A. Perez, F. Perrot-Kunne, D. Peshekhonov, R. Piegaia, L. 
Pinsky, S. Platchkov, M. Plo, D. Pose, H. Postma, J. Pretz, T. Pussieux, J. Pyrlik, I. Reyhancan, J.M. 
Rieubland, A. Rijllart, J.B. Roberts, S.E. Rock, M. Rodriguez, E. Rondio, O. Rondon, L. Ropelewski, A. 
Rosado, I. Sabo, J. Saborido, G. Salvato, A. Sandacz, D. Sanders, I. Savin, P. Schiavon, K.P. Schüler, R. 
Segel, R. Seitz, Y. Semertzidis, S. Sergeev, F. Sever, P. Shanahan, E. Sichtermann, G. Smirnov, A. 
Staude, A. Steinmetz, H. Stuhrmann, K.M. Teichert, F. Tessarotto, W. Thiel, M. Velasco, J. Vogt, R. 
15 
 
Voss, R. Weinstein, C. Whitten, R. Willumeit, R. Windmolders, W. Wislicki, A. Witzmann, A. Yañez, 
N.I. Zamiatin, A.M. Zanetti, J. Zhao, Large enhancement of deuteron polarization with frequency 
modulated microwaves, Nucl. Instruments Methods Phys. Res. Sect. A Accel. Spectrometers, Detect. 
Assoc. Equip. 372 (1996) 339–343. doi:10.1016/0168-9002(95)01376-8. 
[11] H.A.I. Yoshihara, E. Can, M. Karlsson, M.H. Lerche, J. Schwitter, A. Comment, High-field dissolution 
dynamic nuclear polarization of [1- 13 C]pyruvic acid, Phys. Chem. Chem. Phys. 18 (2016) 12409–
12413. doi:10.1039/C6CP00589F. 
[12] L.R. Becerra, G.J. Gerfen, R.J. Temkin, D.J. Singel, R.G. Griffin, Dynamic nuclear polarization with a 
cyclotron resonance maser at 5 T, Phys. Rev. Lett. 71 (1993) 3561–3564. 
doi:10.1103/PhysRevLett.71.3561. 
[13] Ü. Akbey, W.T. Franks, A. Linden, S. Lange, R.G. Griffin, B.-J. van Rossum, H. Oschkinat, Dynamic 
Nuclear Polarization of Deuterated Proteins, Angew. Chemie Int. Ed. 49 (2010) 7803–7806. 
doi:10.1002/anie.201002044. 
[14] A.B. Barnes, E. Markhasin, E. Daviso, V.K. Michaelis, E.A. Nanni, S.K. Jawla, E.L. Mena, R. DeRocher, 
A. Thakkar, P.P. Woskov, J. Herzfeld, R.J. Temkin, R.G. Griffin, Dynamic nuclear polarization at 
700 MHz/460 GHz, J. Magn. Reson. 224 (2012) 1–7. doi:10.1016/j.jmr.2012.08.002. 
[15] J.H. Ardenkjaer-Larsen, B. Fridlund, A. Gram, G. Hansson, L. Hansson, M.H. Lerche, R. Servin, M. 
Thaning, K. Golman, Increase in signal-to-noise ratio of &gt; 10,000 times in liquid-state NMR., Proc. 
Natl. Acad. Sci. U. S. A. 100 (2003) 10158–63. doi:10.1073/pnas.1733835100. 
[16] J.H. Ardenkjaer-Larsen, A.M. Leach, N. Clarke, J. Urbahn, D. Anderson, T.W. Skloss, Dynamic nuclear 
polarization polarizer for sterile use intent., NMR Biomed. 24 (2011) 927–32. 
doi:10.1002/nbm.1682. 
[17] J.H. Ardenkjaer-Larsen, Hyperpolarization by Dissolution-DNP for in vivo applications, in: 5th Int. 
Hyperpolarized Magn. Reson. Meet., Egmond ann Zee, NL, 2015. http://nmr-
nl.science.uu.nl/hyperpolarizedMR. 
[18] M. Baudin, B. Vuichoud, A. Bornet, G. Bodenhausen, S. Jannin, A Cryogen-Consumption-Free System 
for Dynamic Nuclear Polarization at 9.4 T, J. Magn. Reson. (2018). doi:10.1016/J.JMR.2018.07.001. 
[19] J.H. Ardenkjaer-Larsen, Cryogen-Free Dissolution Dynamic Nuclear Polarization at 10 T (and other 
instrumental developments for dDNP), in: Exp. NMR Conf., Asilomar, 2017. 
[20] S. Bowen, O. Rybalko, J.R. Petersen, J.H. Ardenkjaer-Larsen, Multi-Field Cryogen Free Dissolution-
DNP at 3.35, 6.70, and 10.05 T, in: EUROMAR, Warsaw, Poland, 2017. 
http://www.euromar2017.org/programme. 
[21] J. Kurhanewicz, D.B. Vigneron, K. Brindle, E.Y. Chekmenev, A. Comment, C.H. Cunningham, R.J. 
Deberardinis, G.G. Green, M.O. Leach, S.S. Rajan, R.R. Rizi, B.D. Ross, W.S. Warren, C.R. Malloy, 
Analysis of cancer metabolism by imaging hyperpolarized nuclei: prospects for translation to clinical 
research., Neoplasia. 13 (2011) 81–97. doi:10.1593/neo.101102. 
[22] K.R. Keshari, D.M. Wilson, Chemistry and biochemistry of 13C hyperpolarized magnetic resonance 
using dynamic nuclear polarization., Chem. Soc. Rev. 43 (2014) 1627–59. doi:10.1039/c3cs60124b. 
[23] S.J. Nelson, J. Kurhanewicz, D.B. Vigneron, P.E.Z. Larson, A.L. Harzstark, M. Ferrone, M. van 
Criekinge, J.W. Chang, R. Bok, I. Park, G. Reed, L. Carvajal, E.J. Small, P. Munster, V.K. Weinberg, J.H. 
Ardenkjaer-Larsen, A.P. Chen, R.E. Hurd, L.-I. Odegardstuen, F.J. Robb, J. Tropp, J.A. Murray, 
Metabolic Imaging of Patients with Prostate Cancer Using Hyperpolarized [1-13C]Pyruvate, Sci. 
16 
 
Transl. Med. 5 (2013) 198ra108-198ra108. doi:10.1126/scitranslmed.3006070. 
[24] C.H. Cunningham, J.Y. Lau, A.P. Chen, B.J. Geraghty, W.J. Perks, I. Roifman, G.A. Wright, K.A. 
Connelly, Hyperpolarized 13C Metabolic MRI of the Human Heart: Initial Experience., Circ. Res. 
(2016) CIRCRESAHA.116.309769-. doi:10.1161/CIRCRESAHA.116.309769. 
[25] V.Z. Miloushev, K.L. Granlund, R. Boltyanskiy, S.K. Lyashchenko, L.M. DeAngelis, I.K. Mellinghoff, 
C.W. Brennan, V. Tabar, T.J. Yang, A.I. Holodny, R.E. Sosa, Y.W. Guo, A.P. Chen, J. Tropp, F. Robb, K.R. 
Keshari, Metabolic Imaging of the Human Brain with Hyperpolarized 13C Pyruvate Demonstrates 
13C Lactate Production in Brain Tumor Patients., Cancer Res. (2018) canres.0221.2018. 
doi:10.1158/0008-5472.CAN-18-0221. 
[26] R. Aggarwal, D.B. Vigneron, J. Kurhanewicz, Hyperpolarized 1-[13C]-Pyruvate Magnetic Resonance 
Imaging Detects an Early Metabolic Response to Androgen Ablation Therapy in Prostate Cancer, Eur. 
Urol. 72 (2017) 1028–1029. doi:10.1016/J.EURURO.2017.07.022. 
[27] O. Rybalko, S. Bowen, V. Zhurbenko, J.H. Ardenkjar-Larsen, Tunable 13C/1H dual channel matching 
circuit for dynamic nuclear polarization system with cross-polarization, in: 2016 46th Eur. Microw. 
Conf., IEEE, 2016: pp. 1227–1230. doi:10.1109/EuMC.2016.7824571. 
[28] O. Rybalko, S. Bowen, V. Zhurbenko, J.H. Ardenkjaer-Larsen, A 282 GHz Probe for Dynamic Nuclear 
Polarization, in: 5th Int. Hyperpolarized Magn. Reson. Meet., Egmond ann Zee, NL, 2015. http://nmr-
nl.science.uu.nl/hyperpolarizedMR. 
[29] R.M. Malinowski, K.W. Lipsø, M.H. Lerche, J.H. Ardenkjær-Larsen, Dissolution Dynamic Nuclear 
Polarization capability study with fluid path, J. Magn. Reson. 272 (2016). 
doi:10.1016/j.jmr.2016.09.015. 
[30] A. Eldirdiri, A. Clemmensen, S. Bowen, A. Kjær, J.H. Ardenkjær-Larsen, Simultaneous imaging of 
hyperpolarized [1,4-13C2]fumarate, [1-13C]pyruvate and18F-FDG in a rat model of necrosis in a 
clinical PET/MR scanner, NMR Biomed. (2017). doi:10.1002/nbm.3803. 
[31] A. Capozzi, M. Karlsson, J.R. Petersen, M.H. Lerche, J.H. Ardenkjaer-Larsen, Liquid-State 13 C 
Polarization of 30% through Photo-Induced Non-Persistent Radicals, J. Phys. Chem. C. (2018) 
acs.jpcc.8b01482. doi:10.1021/acs.jpcc.8b01482. 
[32] H. Jóhannesson, S. Macholl, J.H. Ardenkjaer-Larsen, Dynamic Nuclear Polarization of [1-13C]pyruvic 
acid at 4.6 tesla., J. Magn. Reson. 197 (2009) 167–175. doi:10.1016/j.jmr.2008.12.016. 
[33] W. Meyer, J. Heckmann, C. Hess, E. Radtke, G. Reicherz, L. Triebwasser, L. Wang, Dynamic 
polarization of 13C nuclei in solid 13C labeled pyruvic acid, Nucl. Instruments Methods Phys. Res. 
Sect. A Accel. Spectrometers, Detect. Assoc. Equip. 631 (2011) 1–5. doi:10.1016/j.nima.2010.10.156. 
[34] L. Lumata, Z. Kovacs, A.D. Sherry, C. Malloy, S. Hill, J. van Tol, L. Yu, L. Song, M.E. Merritt, Electron 
spin resonance studies of trityl OX063 at a concentration optimal for DNP, Phys. Chem. Chem. Phys. 
15 (2013) 9800. doi:10.1039/c3cp50186h. 
[35] H. Chen, A.G. Maryasov, O.Y. Rogozhnikova, D. V. Trukhin, V.M. Tormyshev, M.K. Bowman, Electron 
spin dynamics and spin–lattice relaxation of trityl radicals in frozen solutions, Phys. Chem. Chem. 
Phys. 18 (2016) 24954–24965. doi:10.1039/C6CP02649D. 
[36] J.H. Ardenkjaer-Larsen, S. MacHoll, H. Jóhannesson, Dynamic Nuclear Polarization with Trityls at 1.2 
K, Appl. Magn. Reson. 34 (2008) 509–522. doi:10.1007/s00723-008-0134-4. 
 
